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SUMMARY 

% 

Application of the Falkner lifting— surface— theory anethod to the 
prediction of hinge-moment and, incidentally, lift parameters for 
svept-haok plan forms has been made in an attempt to develop an ana- 
logue to the existing lifting— surface-theory procedure for prediction 
of these parameters on unswept plan forms. For the two specific 
swept— hack plan forms investigated the hinge-moment predictions based 
on the Falkner method were not in good agreement with experimental 
values. The dlsci«pancies between the predicted and the experimental 
results probably are due to the effects of fluid viscosity which were 
not included in the Falkner method as applied herein. 


lUmODUCTION 

Previous to the publication of reference 1 it was general 
practice to predict control— surface hinge-moment parameters for 
finite— span wings by use of lifting— line theory. Lifting— line theory 
yields an Induced angle of attack which can be applied to modify the 
section hinge-moment parameters by an effective reduction of the 
chord load at all sections of the wing. Lifting— surface-theory 
methods have been introduced recently (references 1 and 2) in the pre- 
diction of finite— span hinge-moment parameters in an attempt to inr- 
clude the effects of chord load redistribution as well as chord load 
reduction. This redistribution of the chord loading that occurs on 
a finite— span wing has been fovmd to have em appreciable effect on 
the hinge-moment perameters. 

One successful attempt to evaluate the chord load redistri- 
bution for unswept elliptical plan forms and to apply the generalized 
results to other unswept pleui forms has been made in reference 2 for 
a practical range of aspect ratios. This attempt has produced a 
greatly improved procedure for hinge-moment-parameter prediction for 
unswept wings. The lifting— sTiirf ace— theory methods that produced the 
results of reference 2, the Cohen method (reference 3) ajid its 
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nechanlcaiL comnterpart the electromagnetic analogy method^ hare not 
been applied as yet to the prediction of surface loadings and sub- 
sequent hinge-moment corrections for swept plan forms. The time 
required -bo obtain one resultemt loading and a lack of rapid ooit- 
rergence of restilts to a satisfactory solution rery probably have 
been the factors that have prevented the successful application of 
these netliods to the swept plan form case. 

Anotlier method for predicting surface loaidlngs Is the Fadkner 
application of lifting— surface theory (reference k) which can be 
applied as i^eadlly to swept as to tmswept plan forms. This method 
has been jipplled In this Investigation to obtain the flat-plate pres— 
siire dlstarlbutlons for use in predicting the angle-of— attack hinge- 
moment pai*aineters . A basic pert of the development of this theory, 
idle use oT a finite number of teima in a series expansion for 
expressing; the chordwlse and spenwlse JLoad distributions, apparently 
has rendei*ed the method impractical for predicting directly the 
chordwlse load distribution on a flapped surface. By use of a 
simplifying approximation, however, xHPedictions were also made of the 
parameters! for control deflection. 

The riotwcrk of horseshoe vortices used in the Falkner method to 
represent the vortiolty distribution might conceivably restrict the 
method to producing good values for averaged or integrated pecrameters 
such as the finite— span lift-curve slope without yielding accurate 
distributions of the load over the lifting surface. If such inaccur- 
acies in Ihe predicted load distribution existed they could easily 
invalidate Falkner ’s lifting surface solution for use in the pre- 
diction of hinge-moment parameters. Consequently an effort has been 
made to check tills possibility by vising the Cohen method to determine 
the induced velocities of the Falkner loading predicted for a swept 
plan form. These induced velooitle.s were checked against tiie boundary 
values required if the stream is to flow along tiie flat plate at an 
angle of attack. 

The eiuitabllity of tiie loadings calculated by the Falkner method 
for pz*edictli]g hinge-moment paxemeters was measvired by a comparison of 
the predicated and experimental resvilts for two 35° swept-back wings 
and two vaiswept wings of aspect ratios 3 and k.5. 

In tite process of detexmlnlng tiiese hinge-moment predictions 
based on liho calculated surface loadings, it was convenient to predict 
the lift ])araineters also. No emphasis was placed on this phase of the 
investigation, however, since the lift parameters for swept and 
unswept wings have been investigated previously. 
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geometric angle of ^attack of lifting surface meastUTed Jn the 
plane of synnnetry, degrees (unless otherwise specified) 

induced angle of attack, degrees (unless otherwise specified) 

control deflection angle measured in a plane perpendlculeir 
to the hinge line, degrees (unless otherwise specified) 


lift coefficient 




section lift coefficient 


section lift 


hinge-moment coefficient , 


;e momer 


g. te ce* 


section hinge-mcment hinge moment^ 


chord of the lifting surface measured parsillel to plane of 
symmetry 


c© chord of control surface 

c^ root-meanr-sguare chord of elevator 

x/o distance alcmg the chord measured from the local leading 

edge as a fraction of the chord 

' semispan of the lifting siurface 

o-/(b/2) dlstemce measured perpendlciilar to the plane of symmetry 
divided hy the semi span 

he span of control stirface 

S area of wing 

g free— stream dynamic pressure 

Ct variation of lift coefficient with angle of attack 

^ (bcjba) 

oi variation of section lift coefficient with angle of . 

® attack (6ci/ba) 
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Cj, variation of hinge-^moment coefficient with angle of attack 

^ (3Ch/Sa) 


% 

w 

r 

Fjoax 

S,-b./g 

Fmax 


"Variation of section hlnge-^noment coefficient wildi angle 
of attack (Scj^/Sa) 

variation of hinge-OKanent coefficient with angle of ccaitrol 
deflection (^j^/5a) 

variation of section hinge-moment coefficient with angle of 
— control deflection (Soh/S 8 ) 

control effectiveness parameter 

vertical con^onent of induced velocity 
circulation strength 
maximum clrctilatlan strength 

nandlmenslonal value of the vertical induced velocity 


A aspect ratio 

A angle of sweep in degrees 

Buhsorlpts 

at a constant section lift coefficient 
Cl at a constant lift coefficient 


5 at a constant control deflection angle 

S.C, an Increment due to "streamline curvature" effects 

L.S. predicted using lifting— surface— ttieory methods 
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APPLICATIOU CF THEOBIES TO EETEEMHIATIOIT OF FIHITE-SPAH 
HUIGE-MOMEHT PAEAMETEES FROM SECTION DATA 

An understanding of the procedure used herein for applying the 
FaUmer lifting— surface— theory meiaiod to the prediction of hinge- 
moment corrections can he greatly facilitated hy a short discussion 
of the fundamental lifting-surface theory. Most of these Ideas 
have appeared previously in other puhlioations. The diversity of 
the analytical operations required hy the Falkner and Cohen^ 
methods, however, warrants the following oompetrison of the two 
methods with regard to hinge-moment prediction applications. 


General Prodecures for Loading and Hinge-Moment Determinations 

The lifting— stjrface— theory methods of references 3> and 5 
are intended to provide surface loadings that satisfy "Uie boundary 
conditions of no flow through the vlng for a finite-span thin air- 
foil. These theoretical solutions generally are obtained using 
the limiting case of a thin airfoil (such as the meeun camber line 
to obtain the basic loading, or the chord line to obtain the addi- 
tional loading) for the boundary conditions. To predict 
the chord line at an angle of attack is established as the basic 
boundary condition and for an untwisted wing of finite span the 
chord lines form a flat plate. The prediction for Ch 5 can be 
obtained by using the mean camber line with control delected as 
the basic boundary condition. 

Since the usual procedure in the prediction of Ci,^ and CJhg 
is to modify the section data corresponding to the aii^il irofile 
of the wing by accoxmting for three-dimensional effects, it is 
apparent that for a given plan form the difference between the 
strip-theory loading and a lifting-surface theory loading is needed 
for the hinge-moment corrections. This difference in loadings is 
generally regarded (references 1 and 2) as having two components: 
one that can be considered as due to an average induced angle of 
attack Oi and another that can be considered as due to the varia- 
tion of the Induced angle of attack (produced by -ttie variation of 
the vertical induced velocities) along the chord. The latter com- 
ponent has been called the streamline curvature effect (references 
1 and 2) . The consideration of the Induced load as having two com- 
ponents was evolved with the application of the Cohen method to 
the prediction of finite— span hinge moments. 


3-The eleotromagnetlo— analogy method (reference 5) is based on the 
same analytical developnent as the Cohen semlgraphical method 
reported in ref essence 3. For the purpose of this analysis then, 
the two methods can be considered to be the same and reference 
will be made only to the Cohen method. 
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Tbeee two components of the difference hetireen the strip— theory 
and lifting-surface— theory loadings yield two separate corrections; 
the oompcinent is applied as a percentage correction to the 

section data and the streamline cvirvatnre component Is applied as an 
additive correction. In view of this analysis Cij^^ and Cjj can 
he written (neglecting the spanwlse TOrlations), ° 


“ ST Oila + 


Determination of Hinge-Moment Aspect Batlo Corrections 
Using llte Cohen Method 

This method is set up to find the induced velocities for a 
given or an assumed surface loading. It is desired to find, however, 
the sxirface loading for specified hotmdary conditions. The best 
approximate loading which can he estimated readily is assiuaed, 
therefore, and the induced vertical velocities at a number of points 
on the lifting surface are calculated. Fear this analysis the strip- 
theory loading (two-dimensional chord loadings superimposed on the 
wing) was considered adequate for a first approximation. If the 
induced velocities for the assumed loading do not satisfy the 
boundary conditions it is necessary to determine the proper 
combination of induced angle— of— attack loading and streamline curva>- 
ture loading which, when superimposed on the asBumed loading, wl3JL 
eliminate the differences between the boundary conditions and the 
vortical Induced velocities. Thus by a process of systematic approx- 
imations the load distribution can be adjusted imtil the induced 
velocities satisfy the boundary conditions. The nature of the 
operations prescribed by this method permits its application to dis- 
continuous surfaces and provides a method of predicting as 

well as i3ij^. 


Determination of Hinge-Monent Aspect-Ratio Corrections 
Using the Falkner Method 

The approach followed in the development of the Falkner method 
limits tbs application of the method to some extent but provides a 
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means of obtaining directly the sttxface loading f cxr a given set of 
boundary conditions. In this method the spamrlse and chordvlse 
load distribution Is represented by a double Infinite series which 
in practical application Is restricted to a wiw-n finite nuniber of 
terms. To sisqpllfy -the evaluation of the coefficients in the 
series, the surface distribution of Tortlolty Is concentrated Into 
a finite niimber of vortices and the boundary conditions are satis- 
fied at a finite number of points. The nusiber of choinivise terms 
in the series required to determine the load distribution due to 
control deflection with sufficient accuracy would extend the com- 
putation time excessively; hence the pi*edlction of Cjig directly 
by the iiso of the Falkner method appears to bo la^actical. A 
simplifying assumption concerning the ocanponente of the control— 
deflected loading, however, provided the approximate pirediction for 
C}^ presented In the discussion of the results. 

For the predictions of the angle-of-attack parameters the 
desired difference between the strip-theory loading and the 
Falkner lifting— surface loading for a given angle of attack is 
found directly by subtzactlon. Consequently the difference in 
loading does not appear In the convenient two-oosiponent form. The 
physical Interpretation associated with the two cos^onents of the 
Induced load and the equation expressing the finite span para- 
meters as functions of these components are well established. It 
is desirable, therefore, to resolve the Induced load based on the 
Falkner method calculations Into the two con^onents rather than 
to attes^t an analysis using the total Induced load as one unit. 

To separate the induced angle— of— atteusk effect contained In the 
second texm^of equation (l) from 'Uie streamline cxurvature ocia- 
ponent forming the third term of eqioatlon (l) the factor <Xi/a 
must be determined somewhat arbitrarily. It was found that the 
most suitable arrangement was to determine a factor Oj^/CL based 
on the Falkner predicted value for Ci^ which subsequently could 
be transformed to cc^/a. Since the lift-curve slope can be 
expressed in terms of and (^2 Ci,)3^q^ in the following manner 

(neglecting the spenwise integrations) 





1 »la 



Ol 


( 3 ) 


+ 
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where is conq?osed of all the elemental loads of the 

chordwise load distrlhutlon except the additional type loading 
element represented hy the cot 6/2 term in Falkner's series^ then 


Ol °la °Ia “I. J 


where is the FaUcner result and »2«. 

The (hsslred fc*m for aj is finally obtained from 


a 



whesre the Cj^ to be used has been adjusted to the proper section 
C 2 a by means of equation ( 3 ) . 


This iralue of a^/a is applied in the second term of the 
hingo-moDMint equation (1). The third term of equation (1) 



can be computed from the loading elements making up the 


].oad plus the integration of the spanwlse Tariation of the 

the 'cot &/2 load relative to the average cot 9/2 load. The 
average c>ot 9/2 load corresponds to the ot±/cL factor disoussed. 


D3SCUSSI0N CP THEORETICAL AHD I3PEEIMEIITAL EBSDLTS 
Theoretical Check of Falkner Solution 

The possibility that the Falkner method might not provide a 
sufficiently acc\irate theoretical solution for the load distribu- 
tion at fairly large angles of sweep led to a theoretical investi- 
gation to check a Falkner solution for a 45® swept-back wing by 
means of the Cohen semigraphlcal method. The calculated induced 
velocities and their locations are given in figure 1 along with the 
proper boundary value. The boundary condition established by the 
flat plate at ein angle of attack was not precisely satisfied at 
any of the points investigated. The estimated loads necessary to 
remove the discrepancies between the induced velocities and the 
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'boundary conditions « hovererj yielded, a rery small change in 
hinge-mcment coefficient^ approxlisately » 0.0002. 

This result indicates that any siseahle error in the hinge- 
moment parameter Cij- predicted hy the FalTmer method vould be 
due to the effects riscosity rather than the inability of the 
Fallmer method to proride a sufficiently accurate solution for 
potential flow. 


Source of Experimental Se suits 

The experimental two-dimensional and finite-span values of the 
parameters included in table 1 were obtained from tests of a two- 
dimensional model, two unsvept semispen models, and two swept semi— 
speui models, in the 7— by 10— foot wind ttinnels at the Ames Aer^ 
nautical laboratory. The airfoil section was an SAX3A 61<A010 and 
on the swept plan forms this section was located perpendicular to 
the quartexwjhord line. All 'Uie finite— spem models had taper 
ratios of 0.5 and had 307 -percont-ohca*d full span, sealed gap 
elevators with nose radius 'balances. Both the two-dimensional and 
three-dimensional tests were made at a Beynolds number of approx- 
imately 3.0 by 10®. 

Comparison of Theoretical and Experimental Results 

The values of the parameters predicted by the Swanson method 
and presented in table I were calcxilatod by the operations out- 
lined in reference 2. Included in these operations were a vis- 
cosity factor for the streamline curvature load and a compressi- 
bility few tor. The computations of Idie values attributed to the 
Falkner method are based on the Falkner loading solutions for 
four ellipticeil plan forms, two swept and two wswept of aspect 
ratios 3 and The sweep angle of 3^® was referred to the cne— 

quarter chord line, which was kept straight on these plan forms. 

The expressions for predicting the aerodynamic parameters considr- 
ered are given in the discussion of the individual peuramsters^ 

The difference in the plan foras used to obtain the predicted 
and experimental restilts (respectively, an elliptical euid a 0.^ 
taper ratio plan form) loft the possibility that any discrepancies 
arising between the predicted eind experimental results might be 
due to a greatly increased effect of taper ratio changes on the 
surface load distribution at appreciable sweepback angles. For 
vinswept wings the application of elliptical plan form results to 
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the prediction of aerodynamic petrameters for varioua types of 
tapered plan forms has teen found to he reasonably accurate as 
well as practical. The added effects of sveep^ however, made it 
desirable to analyze a 0.5 taper ratio swept— back plan form of 
aspect jratlo 3 s«id compare the results with the results based on 
the analysis of the elliptical plan forms. The comparison showed 
that the difference between the predicted results for the ellip- 
tical and 0,5 taper ratio plan forma, given in the following table, 
was sma].l enotigh to be of little consequence in this case. 


Parameter 

Taper ratio 0,5 

Elliptical 


- 0,0022 

-0.0023 


-,0093 

-.0093 


. 05 l^ 

.055 

% 

,032 

.033 


,60 

.60 


The predicted values for the unswept wings are not Intended as 
a comparison between experiment and theory in order to check the 
validity of the predictions by reference 2 , This method has 
already been established as generally satisfactory by experimental 
verification on a large number of wings (approximately 30 ) , The 
unswept wing results are presented to indicate that exclusive of 
the incidental compressibility and viscosity factors the Falkner 
method provides essentially the same correction in magnitude and 
direction that the established method of reference 2 provides, 

(For irofile tralling-edge angles of 14 ° or less the viscosity 
factor reduces the streamline cuirvature correction by less than 
10 percent, ) 

Cht,. ,— The expression used to calculate is eqtiation ( 1 ) 

which has been discussed previously in the section on application 
of the msthod to hinge-moment corrections. 

The discrepancies between pTOdloted and experimental values 
for the unswept wings are larger than expected. The utility of 
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these predictions j consequently^ could he questioned. It should 
he noted, however, that for these unswept plan forms the stream- 
line curvature corrections amount to * 0,0018 and 

^Cij^ “ 0,0011 for the aspect latlos 3 and If, 5, respectively. Qhe 
Ilf tlng—llne— theory predictions which would he equivalent to the 
lifting— suirface— theory predictions minus the streamline curvature 
corrections would he In error hy 2—1/2 to If times as much as the 
lifting— surface— theory predictions. Previous evidence' (references 
2 and 6) indicate that for applications of the lifting-surf ace- 
theory correction errors of 0,0006 and 0,0008 for the predicted 
values of Cho, are exceptional hut not unreasonable . 

The dlsorepanoies in the predicted values of Cha for the 
swept-hack wings, however, are heyond the limits of rationaliza/- 
tion hy consideration as random cases. The streamline curvature 
correction for these swepV-hack wings are “ 0,0007 

= —0,0003 for the aspect ratios 3 and If. 5, respectively. 

Thus the lifting-line— theory values would ho only slightly 
improved upon in one case and would he slightly superior in the 
other. As shown previously the Palkner method gives a sufficiently 
accurate theoretical load distrlhution for inviscid flow, hence the 
deterioration of the lifting— surface— theory predictions in 'tiie 
awopt- 4 )aok cases apparently is due to the increased viscous effects. 

values attributed to the Falkner method have 
been adjusted to the proper section lift-curve slofpe hy means of 
equation ( 3 ). The reliability of the Swanson and Falkner methods 
for predictions of for unswept wings has been investigated 

and discussed previously in references 2 and If, 3 h both of the 
present applications to unswept wings the predicted values wore 
slightly hl^. The predicted values of for swept wings hy 

the Falkner method were also higher than the experimental values. 

The inability of the Falkner method to yield directly 

surface loading solutions for deflected control surfaces has been 
discussed previously. Although this restriction prevents an 
oaplicit determination of hy the Falkner method, an expres- 

sion for Cjig can he developed involving merely the section oj^g 
and a partial evaluation of the induction effects. 

The equation for section 

Pl^)a ■ 
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Indicates that the loading for a control deflection at a constant 
a can he considered as composed of ttro constituent parts, a load- 
ing corresipondlng to the variation of the hinge moauent with 
control deflection for a constant c^, (cj. ) , and a loading 

o d 


corresponcLlng to the variation of hinge moment with angle of 
attack foi* a constant control def lection, The Inductioa 


effects can he determined for only the second teimx hy the FaUmer 
method, htit if the Induction effects of the first term are con- 
sidered tc> he negligible the expression for the finite span Cj^ 
hecomes ° 



(=h6)„ * <=1.„ - (»6)^ (Oha)i..s. 


This ezpreisslon was used to determine the predicted values attri- 
buted to E'alkner that are presented in table I. An excellent 
check on this expression can ho made hy substituting experimental 
results for the terms cai the right-hand side of the equation* 

Thus for Ihe aspect ratio 3 unswept wing 

Chg » -0.0114 + (-0.602) (-0.0057) - (-0.70) (-0,0010) = -0.0087 

and for aspect ratio 4.5 ^^nswopt wing 

Chg = -0.0114 + (-0.602) (-0,0057) - (0.68) (-0,0020) » -0.0094 


almost the precise measured values. 

For ttie unswept cases this expressly applied to the section 
data yielded very good predictions of Cj^g. In the swept cases, 
however, Ihe viscous effects and possibly the neglected induced 
effects aie apparently quite Important and the Falkner method 
does not e.ppear to he applicable even in the approximate form of 
expression. 

,— By using the same division of the loading due to flap 
deflection that was analyzed for Cjjg and hy making the same 
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assumptions conoemlng the induced effects^ a simplified e:qicres— 
Sion for can he written 


CLb ' 01 ^ 


G-^)- 


(«* 6 ) 


Ct I 




S.C. 




The valws for Ci,c that are attributed to the Falkner method were 
calculated using tnia expression. Comparison of the predicted and 
experimental ralues for Clq leads to ooncluslone similar to those 
for Cjjg. The predicted values for the unswept wings are satis— 
faotory°and Justify the assumptions that were made. The pre- 
dictions for the swept-hack wings, however, are appreciably in 
error indicating that the neglected induced and viscous effects 
are Important. 


COHCLUDIBG EEMAEZS 

Comparison of the predicted values of Ch^^ with the experi- 
mental values f cr the two unswept wings indicated that notwith- 
standing Incidental viscosity and compressibility factors the 
Falkner method provided essentially the same corrections to the 
lifting— line— theory hinge-moment and lift peirameters that was 
provided by the procedure outlined in TIT No, 1175 by Swanson and 
Creindall. Although neither set of predicted Cjj^ values for the 
unswept wings checked the experimental results as well as expected, 
the predicted lifting— surface— theory values were great improve- 
ments over the lifting— line— theory predictions. 

The values of Cjj^ for the swept-back wings predicted by an 
application of Falkner *s lifting- surface thecay were in error to 
such an extent as to be impractical. These values showed no net 
improvement over the llftlng-llne— theory values. The other hinge- 
moment parameter Cjjg estimated by use of the Falkner predicted 
sxa:face loading was appreciably in error also. 

The unreliability of the aerodynamic paraaneters predicted for 
the swept-*ack wings is not directly cheurgeable to the potential 
theory svirface loadings predicted by the Falkner method for these 
plan forms. The predicted loading for a 45° swep1>-back wing was 
checked and fovind to satisfy the boundary conditions reasonably 
well. Thus it is probable that the discrepancies between the 
predicted and experimental results for the swept-back wings are 
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dtie to viscous effects vhlch vere not Included in the Falkner 
Btethod lanalysis applied In this inyestlgation. 


Ames Aeronautical Lahoratory^ 

national Advisory Committee for Aeronautics, 
Moffett Field, Calif. 
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TABLE !•- CdlFAHISOV OP PREDICTED AHD 


Para- 

A«t«r 

Section 

A=3.0 

Bxperi- 

nental 

1 

Refer- 

ence 

2 

Applied 

Falkner 

method 

Experi- 

mental 

Qusiiept 


-0.0067 

-0.0017 

-0.0016 

-0.0010 


-.0114 

-.0084 

-.0089 

-.0087 

“La 

•108 

.056 

•057 

•0^ 

“L6 

.066 

.056 

.095 

.057 


•60E 

.640 

.610 

.700 


S«opt 


— 

“l^X 

-.0067 


-.0025 

wm\ 


-.0114 

- - 

-.0095 

-.0072 

mm 

.106 

- - 

.055 

•055 


.066 

- - 

.055 

.028 

“6 

.602 

- - 

.600 

•520 


YALDES 


i^lied 

PaUmer 

Experi- 

method 

mental 



-0.0028 

-0.0020 

-.0097 

-.0096 

1 .070 

.066 

1 .042 

I .046 

( 

.600 

.680 


-.0059 

-.0021 

-.0105 

-.0069 

.067 

.061 

.040 

.052 

•600 

•620 
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A i//^/2*=G9 
i>o(j/Tdi7rt/ t^a/ue 



C/?orc/ky/se pos/t/on^ X/C 

/ygare /■- /npuced \/ehc/t/cs ca/ccz/ofed ^ f/iG Cohen method for the 
tood/ng predfcted hg the tv/kner method on o 4^° sy/epthoch iv/hg. 


H 

'I 


